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 Constructing more in-depth models of the brain’s behavior has gained significant 
attention in recent years, particularly for the goal of modeling brain injury and function. 
Mechanical studies have improved in effectiveness with the development of more standard 
testing protocols and the contribution of mechanistic models to understanding the brain’s 
behavior. Due to the complexity of the brain’s structure and pathophysiology of diseases and 
conditions related to swelling, studies have mainly focused on identifying the mechanisms 
underlying brain tissue swelling. Most commonly, magnetic resonance imaging techniques have 
been used, particularly with the development of magnetic resonance elastography, to study 
swelling in vivo. However, localized testing on in vitro tissue slices have become useful 
alternatives as models of study with atomic force microscopy and nanoindentation. Here, the 
method of nanoindentation is applied to brain tissue slices to identify the effects of swelling on 
the tissue’s mechanical properties. The stiffness and relaxation properties of brain tissue slices 
are identified, suggesting a useful and simple alternative to in vivo imaging for identifying the 
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CHAPTER 1: INTRODUCTION 
 The mechanical nature of brain tissue has only recently come into focus in research as 
studies on the brain have traditionally been centered on the biochemical and electrophysiological 
aspects. Understanding the mechanical properties of the brain is now understood to contribute to 
the development of models important for predicting diseases and identifying the mechanisms 
underlying brain function. The complexity of brain tissue has made it particularly difficult for 
researchers to establish a consensus agreement on the structure and function relationship for the 
behavior of brain tissue [1]. However, since the beginning of experimental studies with regards 
to the mechanical properties of brain tissue a little over 50 years ago, significant progress has 
been made due to the advancement of experimental techniques and protocols [2, 3]. By studying 
the mechanical properties of brain tissue, more comprehensive characterizations and complete 
models of the brain’s behavior can be established. Information derived from mechanical testing 
will contribute to the development of multiscale and multimodal models, better simulations of 
brain tissue injury and neurological diseases, as well as opportunities to improve and preserve 
brain function [4]. 
 Inflammatory reactions in the brain as a primary condition or a secondary condition 
following incidents of: trauma, hemorrhages, allergies, tumors etc., can commonly cause brain 
swelling [5]. Abnormal fluid buildup in the brain can lead to life-threatening conditions such as 
hydrocephalus or more commonly, edema [6]. Brain edema is typically classified as cytotoxic, 
where cells in the parenchyma swell, or vasogenic, where fluid fills the extracellular spaces [7]. 
Swelling in the brain is a complicated condition where a better understanding of its 
pathophysiology and underlying mechanisms are needed to develop effective treatment and 
management strategies [8]. Treatment of brain edema is commonly done through osmotherapy or 
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similar techniques that aim to reduce the ICP in the brain, which are limited in effectiveness. In 
extreme cases, invasive surgery with decompressive craniectomy may be required. To develop 
effective and novel treatments, the mechanical and molecular mechanisms underlying edema 
need to be understood [9, 10]. 
 A potential driving force for the mechanism behind brain swelling is a result of the 
Donnan effect and the triphasic mixture theory [11]. In the healthy physiological state, the brain 
uses active ion pumps to maintain a delicate balance of ions. When the ion balance is disrupted, 
or the brain tissue is damaged, water movement can be caused in part, through Donnan osmotic 
pressure effects [12]. The brain tissue can be considered as a triphasic mixture consisting of a 
solid matrix (cells and ECM), fluid (water), and solutes (ions and non-permeating solutes), which 
can freely swell when in an ionic solution [13]. Using tissue slices as an experimental model, the 
mechanism behind osmotic therapy treatments was shown by swelling brain tissue in different 
ionic baths [11, 13]. When placed in an ionic solution with an osmolarity greater than the 
physiological state of 320 mOsm, tissue volume would be reduced as water was drawn out of the 
tissue. Conversely, tissue volume would increase as water was drawn into the tissue when placed 
in an ionic solution with an osmolarity lower than 320 mOsm. In these works, the driving forces 
behind brain tissue swelling are described, but the effect of swelling on the tissue’s properties are 
still lacking. 
 Studies on brain tissue swelling have focused on identifying the underlying mechanisms 
[14] and modeling a condition and its effects [15, 16, 17]. In recent years with the development 
of in vivo imaging techniques, MR imaging has been used to study brain swelling and the 
resulting effects on the shear modulus on the tissue [18]. However, in vitro techniques on brain 
tissue slices remains a simple and alternative method for investigating brain tissue swelling [19]. 
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With recently developed testing techniques for localized measurements, the mechanical 
properties and brain tissue swelling can be measured. 
Many in vitro studies have been performed on the tissue level to characterize the behavior 
of healthy brain tissue. Viscoelastic models have been most commonly used to model the 
behavior of brain tissue, with early experimental studies utilizing creep [20], relaxation [21, 22], 
strain rate [23], dynamic shear [24]. The goal of these studies has been to describe and model the 
behavior of brain tissue. With a better understanding of how testing conditions influence the 
behavior of brain tissue [25, 26], a standard for testing protocols has been established for 
preserving brain tissue properties during testing and interstudy comparison. However, due to the 
intricacies of the brain’s structure and the variety of testing conditions, the multiscale behavior of 
the brain still has not been established. 
  The improved understanding of mechanical testing on brain tissue has led to more 
systematic studies to establish models that can effectively capture the behavior of the tissue. 
Most studies have only modeled the behavior of brain tissue under a singular loading mode, 
which is not effective for simulating the multiscale and multiple loading modalities present in 
brain tissue injuries [27]. With systematic testing, efforts have been made to develop a model 
that can capture the mechanical properties [28] and time-dependent properties [29] of brain 
tissue under multiple loading conditions. The establishment of such models [30] is addressing the 
combined loading conditions of brain tissue from tissue-level experiments. To capture the multi-
scale response of the tissue, indentation has become a technique utilized in recent years to 
measure the behavior of brain tissue near the cellular level, able to distinguish between gray 
matter (mostly neuronal cells) and white matter (mostly axons). Atomic force microscopy 
(AFM) and indentation have become popular techniques to analyze the local properties of brain 
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tissue [31, 32, 33], also enabling the in vitro mechanical testing of the effects of brain tissue 
injury [34]. 
 Understanding the effects of swelling on brain tissue will help the development of models 
to predict and simulate the pathophysiology of diseases such as brain edema and hydrocephalus. 
Applying indentation to swollen brain tissue is an alternative to the more common and complex 
in vivo imaging studies used to study the effects of swelling in the brain. In this work, brain 
tissue slices are prepared and swollen in aCSF solution adjusted to different osmolarities. Using 


















CHAPTER 2: TISSUE PREPARATION AND SWELLING 
 Porcine brain samples were received from freshly slaughtered pigs at market weight from 
the Meat Science Laboratory at the University of Illinois Urbana-Champaign. Tissue samples 
were immediately submerged in an iced solution of artificial cerebrospinal fluid (aCSF) for 
recovery and neuronal preservation [35]. Samples from the three different anatomical 
orientations (coronal, sagittal, transverse) were then cut from the brain tissue using a scalpel. 
Throughout preparation and cutting, the brain tissue (Figure 2.1a) and any contacting surfaces 
(gloves and scalpel) were constantly hydrated with cold aCSF for tissue preservation. Specimens 
were then embedded in gelatin for tissue slicing (Figure 2.1b) [36]. Slices 350 µm in thickness 
were sliced using the Vibratome 1000 Plus Sectioning System, with the vibratome reservoir 
filled with cold aCSF solution (Figure 2.1c). The vibratome cutting speed was set low at setting 2 
and the amplitude was set high at setting 10. Cut tissue slices (Figure 2.1d) were then submerged 
in cold aCSF solution until testing (within 72 hours postmortem). 
 
Figure 2.1: The brain tissue preparation process starting from a whole porcine brain from freshly 
slaughtered pigs. (a) Image of an upside-down whole brain sample. Tissue samples were cut 
from the circled frontal lobe region. (b) Smaller tissue sections were then embedded in gelatin 
and mounted on a block using adhesive glue for vibratome slicing. (c) Tissue blocks were 
mounted on the vibratome and completely covered in cold aCSF solution. (d) Cut tissue slices 




The aCSF buffer was prepared fresh the day of tissue testing, using deionized water, 
filtered through a membrane with 0.22 µum pore size, and with (in mM): 126 NaCl, 2 MgCl2, 3 
KCl, 1.25 NaH2PO4, 2 CaCl2, 26 NaHCO3, 11 glucose and 0.3 kynurenic acid [37].  The 
buffer’s pH was measured and adjusted to 7.35 – 7.40 with NaOH as necessary, and 
preoxygenated with carbogen gas (95% O2 + 5% CO2). The resulting osmolarity was 330±5 
mOsm/kg. 
The protocol for swelling measurements in brain tissue slices was adapted from Elkin et 
al. For swelling measurements, gray matter slices from the outer cortex, cut from the frontal lobe 
in the coronal direction, were used. Slices were swollen at room temperature in aCSF solution 
for 24 hours. Initial slice thickness and area were then imaged with a macro lens-Nikon DSLR 
camera, and the volume of the slice determined using ImageJ. Initial weight of each slice was 
also measured using a mass-balance. Slices were then placed in aCSF solution adjusted to 
different osmolarities (4 Osm, 2 Osm, 330 mOsm, 100 mOsm, and 6.7 mOsm) using either NaCl 
to increase the osmolarity, or deionized water to decrease the osmolarity, and allowed to swell to 
equilibrium overnight. Final slice volume and weight was then measured. 
 
Figure 2.2: Rectangular tissue slices were imaged and weighted. ImageJ was used to calculate 
the resulting average thickness (left) and area (right) for volume measurements. Images and 




 The results of swelling in terms of percent weight and volume change of the tissue slices 
are shown in Figure 2.3. Plotted data are shown as mean value ± standard deviation. The one-
way ANOVA test was used to compare the means of the data relative to the isotonic 330 mOsm 
solution, using a significance level α = 0.05. For weight change, only the weight change seen in 
the 6.7 mOsm solution of 35.5% was significantly different than the isotonic weight change of -
3.0%. For volume change, each osmolarity was significantly different than the isotonic solution 
change (Table 2.1). In the hypertonic solutions, 4 Osm and 2 Osm, tissue slices decreased in 
weight and volume. In hypotonic solutions, 100 mOsm and 6.7 mOsm, tissue slices increased in 
weight and volume. This trend follows the results found in Elkin et al., with water flow driven by 
the Donnan effect resulting in tissue slices losing water in hypertonic solutions and gaining water 
in hypotonic solutions. Compared to the extreme cases, the 2 Osm and 100 mOsm solutions 
resulted in significant percent volume changes, but with lower variance. Tissue slices swollen in 
isotonic 330 mOsm solution, hypertonic 2 Osm solution, and hypotonic 100 mOsm solution, 
were then used for indentation testing to examine the effects of swelling.  
 
Figure 2.3: The percent weight change (left) and percent volume change (right) after swelling in 
each solution (4 Osm, 2 Osm, 330 mOsm, 100 mOsm, and 6.7 mOsm). The 330 mOsm aCSF 





Table 2.1: Percent weight and volume changes of tissue swelling. Average, standard deviation, 
and statistical significance for each osmolarity are shown. 330 mOsm is taken to be the isotonic 
condition. 
% Weight Change 
 Average Std. Dev Significant 
4 Osm -22.3 7.7 No 
2 Osm -18.5 9.7 No 
330 mOsm -3.0 6.5 -- 
100 mOsm 13.9 9.1 No 
6.7 mOsm 35.5 23.3 Yes 
% Volume Change 
 Average Std. Dev Significant 
4 Osm -29.6 9.8 Yes 
2 Osm -24.6 6.6 Yes 
330 mOsm -0.6 7.2 -- 
100 mOsm 33.8 14.7 Yes 

















CHAPTER 3: INDENTATION 
3.1 METHODS 
 After swelling, tissue slices were placed into fresh aCSF solution respective to the 
swelling condition and placed in an ice-bath until testing. The Optics11 Piuma Nanoindenter was 
used for indentation testing, which has recently been shown to be effective for the testing of 
biological materials [38, 39, 40]. The Piuma Nanoindenter functions similarly to AFM, by using 
a cantilever-based probe and fiber-optical interferometry, enabling accurate and precise testing of 
biological materials. As an alternative to AFM, the Piuma is more robust to liquid testing and is 
effective for performing indentation testing on multiple samples in quicker fashion. 
 Before testing, tissue slices were equilibrated to room temperature for at least 30 minutes. 
The tissue slice surface was first dabbed dry using a Kimwipe, and then mounted on a 
microscope slide using a thin layer of adhesive. The slide was then mounted onto a petri dish, 
and the tissue was fully submerged with aCSF solution that matched the osmolarity of the 
swelling condition (Figure 3.1). For each different osmolarity aCSF solution (2 Osm, 330 mOsm, 
100 mOsm), the Piuma signal and probe were recalibrated before testing. 
 
 




 Spherical indentation tips (radius 102.5 µm) were used to probe the tissue slice’s stiffness 
and relaxation behavior. For stiffness measurements, specimens were probed to 7 µm in depth, 
with a loading rate of 5 µm/s (Figure 3.2). For relaxation measurements, specimens were probed 
to 3 separate indentation depths (5, 10, 15 µm) at each location, with a loading rate of 80 µm/s to 
minimize loading time and a 10-minute rest period after each indentation for tissue recovery 
(Figure 3.3 and Figure 3.4). Stiffness measurements were taken at locations spaced at least 100 
µm apart, and relaxation measurements were taken at locations spaced at least 1000 µm apart. 
 
 
Figure 3.2: Loading profile for stiffness measurements. The probe approaches the surface, 






Figure 3.3: Loading profile for relaxation measurements. The probe approaches the surface, 




Figure 3.4: Representative plots of 3 relaxation indentation measurements at 1 location. Before 




 Indentation tests for stiffness were performed on brain tissues to examine the effects of 
orientation from which tissue slices were cut (coronal, sagittal, transverse), location (gray matter 
vs. white matter), and swelling in aCSF solutions at different osmolarities (hypertonic, isotonic, 
hypotonic). A total of 123 indentation tests for stiffness, averaging to around n = 7 for each 
orientation, location, and osmolarity. By analyzing the indentation profile (Figure 3.2), the Hertz 
model was applied to determine the effective Young’s modulus, E, of each sample [40]. For each 
loading curve, the data up to 60% of the peak applied load was used for determining E through 
Equation 3.1, where P is the applied load, R is the radius of the indenter, and h is the indentation 
depth. The data are then plotted as mean value ± standard deviation. As in the swelling 
measurements, the one-way ANOVA test was used to compare the means of the data, using a 








2    (3.1) 
 To examine anisotropy in the brain tissue, data were plotted to examine orientation in 
gray matter, GM, (Figure 3.5 left) and white matter, WM, (Figure 3.5 right). Generally, tissue 
slices from the sagittal direction, S, were less stiff compared to the coronal, C, and transverse, T, 
directions. The S direction being less stiff is seen in the 330 mOsm GM, 100 mOsm GM, 2 Osm 
WM, and 330 mOsm WM conditions. For the other 2 conditions of 2 Osm GM and 100 mOsm 
WM, the T and C directions were least stiff, respectively (Table 3.1). Anisotropy is observed in 
the brain tissue slices across both GM and WM in each osmolarity. Slices cut along the S 
direction tended to be least stiff relative to the C and T directions; however, for 2 Osm GM and 
100 mOsm WM, the T and C directions had an even lower average stiffness respectively. Due to 
the high variance and low statistical stiffness among the orientations, additional tests would need 
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to be conducted to draw significant conclusions. However, the trend of these results agrees with 
the complexity of the structure in brain tissue. GM is generally viewed as isotropic, but in this 
case, anisotropic behavior is expected due to localized structural differences and from variance in 
the local measurements on the samples due to handling and preparation methods. 
To examine the effects of location, data were plotted (Figure 3.6) in groups of 2 and 
tabulated (Table 3.2) to compare the stiffness of GM verses WM. For all orientations and 
osmolarities except for 330 mOsm T and 100 mOsm C, WM was stiffer than GM. In every 
osmolarity and orientation except for 330 mOsm T and 100 mOsm C, WM was stiffer than GM. 
This general trend of WM being stiffer than GM is expected due to the myelination of axons, 
which greatly contributes to the stiffness of the tissue. Depending on the orientation of the fibers 
and other contributing factors in the brain tissue’s structure, it is expected that under some 
orientations and swelling conditions, GM may be stiffer than WM, which is observed in 330 
mOsm T and 100 mOsm C. 
To examine the effects of osmolarity and swelling the data were plotted in groups of 3 for 
comparison (Figure 3.7) and the changes from the isotonic conditions are tabulated (Table 3.3). 
In each orientation and location tested, swelling in hypertonic and hypotonic solutions reduced 
the stiffness of the tissue relative to the isotonic condition. The decrease in stiffness was more 
pronounced in the hypertonic solutions than in the hypotonic solutions, with an average decrease 
of 37.2% and 25.1% respectively. The overall trend of the tissue decreasing in stiffness with 
swelling in non-isotonic solution is supported due to swelling often acting as a secondary source 
of damage to the tissue (i.e. swelling following a TBI incident), damaging the structure and 




Figure 3.5: Indentation stiffness data grouped to compare effect of orientation. 
 
Table 3.1: Orientation with the lowest average E compared to the other 2 orientations for each 
test condition tested. 
 Orientation with  
Lowest Average E (Pa) 
Average E (Pa) of  
other 2 orientations 
2 Osm GM 280.1 (T) 463.7 
330 mOsm GM 588.9 (S) 853.9 
100 mOsm GM 490.0 (S) 583.5 
2 Osm WM 498.0 (S) 601.5 
330 mOsm WM 761.3 (S) 831.4 
100 mOsm WM 382.4 (C) 702.7 
 




Figure 3.6: Indentation stiffness data grouped to compare effect of location. 
Table 3.2: Comparison of stiffness in locations for each orientation and osmolarity. 
 E (Pa) of GM E (Pa) of WM Stiffer Region 
2 Osm C 506.3 654.8 WM 
2 Osm S 412.7 498.0 WM 
2 Osm T 280.1 557.0 WM 
330 mOsm C 794.5 862.9 WM 
330 mOsm S 588.9 761.3 WM 
330 mOsm T 906.7 783.97 GM 
100 mOsm C 521.0 382.4 GM 
100 mOsm S 490.0 684.8 WM 






Figure 3.7: Indentation stiffness data grouped to compare the effects of osmolarity and swelling. 
 
Table 3.3: Comparison of effects of osmolarity on tissue stiffness. 








C GM 506.3 (-36.3%) 794.5 521.0 (-34.4%) 
C WM 654.8 (-24.1%) 862.9 382.4 (-55.7%) 
S GM 412.7 (-29.9%) 588.9 490.0 (-16.8%) 
S WM 498.0 (-34.6%) 761.3 684.8 (-10.0%) 
T GM 280.1 (-69.1%) 906.7 656.4 (-27.6%) 












 For each swelling condition (hypertonic, isotonic, hypotonic), orientation (C, S, T), and 
location (GM, WM), 6 sets of 3 separate indentation measurements to different depths (5 µm, 10 
µm, 15 µm) were taken and averaged together. A total of n = 324 individual relaxation 
indentation tests were performed. The brain tissue is assumed to be an incompressible, 
viscoelastic material, where the relationship between the relaxation modulus and force is given 
by Equation 3.2 [41]. P is the reaction force, R is the radius of indenter, h0 is the indentation 






2𝐺(𝑡)   (3.2) 
To examine the viscoelastic behavior, the shear relaxation modulus ratio, gi, and the relaxation 
time constant, τi, are determined by fitting with a 2-term Prony series in MATLAB (Equation 
3.3). A representative plot of an experimental data set and Prony series fit are shown in Figure 
3.8.  
𝐺(𝑡) = 𝐺0(1 − ∑ 𝑔𝑖
2
𝑖=1 [1 − 𝑒
−
𝑡
𝜏])   (3.3) 
 





 To first compare the effects of swelling, the ratios and constants were averaged within 
each solution (Table 3.4). Relative to the isotonic solution, both the hypertonic (2 Osm) and 
hypotonic (100 mOsm) solutions have increased gi and decreased τi. This indicates that the tissue 
slices in the isotonic solutions are relaxing to a greater degree and more slowly than those in the 
non-isotonic solutions. The slices in non-isotonic solutions underwent further swelling, which 
likely added damage to its structure and decreased its stiffness as shown above (Figure 3.7 and 
Table 3.3). The slices in the isotonic solution would have a structure that more resembles its 
healthy physiological state, with neurons and axons retaining more of their structural integrity, 
which likely causes them to relax with greater time constants than in the non-isotonic condition. 
 The effects of indentation depth, with values across all the conditions averaged by depth, 
are shown in Table 3.5. With increasing depth, g1 decreased, and τi increased. By increasing the 
indentation depth, a greater volume of brain tissue is deformed, which would lead to greater 
relaxation on a slower time scale. The effects of location were varied in g1 and g2, but with τi 
being greater in GM (Table 3.6). This indicates that the neurons that primarily consist of the 
structure in GM relax slower than the axons that primarily consist of the structure in WM. The 
effects of orientation are shown in Table 3.7. The parameters across the S and T orientations are 
similar, with the gi values being nearly identical, and with the τi in the S orientation being slightly 
below those in the T orientation. However, the C orientation here is different with lower gi and 
greater τi values, indicating anisotropy (converse to the S orientation indicating anisotropy when 







Table 3.4: Parameters averaged within each solution. 
 g1 g2 τ1 (s) τ2 (s) 
2 Osm 0.40 0.21 0.15 4.64 
330 mOsm 0.30 0.19 0.22 5.51 
100 mOsm 0.35 0.23 0.19 4.40 
 
Table 3.5: Parameters averaged by indentation depth. 
 g1 g2 τ1 (s) τ2 (s) 
5 µm 0.37 0.17 0.10 3.77 
10 µm 0.35 0.23 0.20 4.93 
15 µm 0.33 0.23 0.25 5.85 
 
Table 3.6: Parameters averaged by location. 
 g1 g2 τ1 (s) τ2 (s) 
GM 0.32 0.22 0.21 5.4 
WM 0.38 0.20 0.16 4.3 
 
Table 3.7: Parameters averaged by orientation. 
 g1 g2 τ1 (s) τ2 (s) 
C 0.33 0.21 0.21 5.21 
S 0.36 0.21 0.16 4.47 







CHAPTER 4: CONCLUSION AND FUTURE WORK 
 Swelling in brain tissue slices was first demonstrated using hypertonic, isotonic, and 
hypotonic solutions. Relative to the isotonic condition, slices in hypertonic solutions swelled by 
decreasing in weight and volume. Slices in hypotonic solutions swelled by increasing in weight 
and volume. Tissue slices swollen to equilibrium were then tested with nanoindentation for their 
stiffness and viscoelastic relaxation behavior. From the stiffness results, anisotropy was observed 
with slices from the sagittal direction being least stiff. White matter locations were observed to 
be stiffer than gray matter locations. Swelling in hypertonic and hypotonic solutions reduced the 
stiffness of the tissue relative to the isotonic condition. However, additional measurements are 
needed to reduce the variance observed between groups when comparing stiffness, and for the 
results to be more statistically significant. From the relaxation results, a 2-term Prony series was 
used to fit the data and extract viscoelastic parameters gi and τi. Swelling in hypertonic and 
hypotonic solutions led to the tissue slices relaxing quicker with a smaller decrease in modulus. 
Compared to gray matter, white matter slices relaxed less and relaxed on a quicker time scale. As 
opposed to the sagittal orientation indicating anisotropy when observing stiffness, the coronal 
orientation indicated anisotropy when observing the viscoelastic parameters. 
 Future studies include additional indentation measurements to produce more statistically 
significant results. Additionally, tissue slices would have their structure imaged before 
indentation testing with Diffusion Tensor Imaging to confirm fiber orientation, and after 
indentation testing with histology to gain insight into how the swelling treatment affected the 
tissue’s structural integrity on the cellular level. With the useful alternative of performing in vitro 
experiments to study brain tissue swelling, the next steps also include incorporating the measured 
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